INTRODUCTION
It is well known that calcium ions (Ca2+) are essential in the growth medium of pollen tubes, permitting elongation in a concentration range between 10 pM and 10 mM Ca2+ (Brewbaker and Kwack, 1963 ; Kwack, 1967 ; Picton and Steer, 1983 ; Steer and Steer, 1989 ). The application of a variety of antagonists, including channel blockers, lanthanides, ionophores, and calmodulin antagonists, inhibits tube elongation to varying degrees (Picton and Steer, 1985 ; Bednarska, 1989 ; Mahló et al., 1994 ; for reviews, see Steer and Steer, 1989; Herth et al., 1990; Pierson and Cresti, 1992) . Studies with 45Ca2+ ; Bednarska, 1989) reveal that the tip accumulates the ion; this phenomenon has subsequently been shown to be dueto a Ca2+-specific current influx in the pollen tube tip (Kühtreiber and Jaffe, 1990) . Finally, recent results, using Ca2+-dependent indicator dyes, reveal that there is a steep Current address: Department of Experimental Botany, University of Nijmegen, Toernooiveld, NL-6525 ED Nijmegen, The Netherlands.
To whom correspondence should be addressed. gradient in intracellular free Ca2+ that is focused at the tip of the elongating pollen tube (Obermeyer and Weisenseel, 1991 ; Rathore et al., 1991; Miller et al., 1992; Malh6 et al., 1994) .
The intimate relationship between this tip-focused intracellular gradient and the process of tube elongation has been further established through the microinjection of the Ca2+ buffer 5,5'-dibromo-l,2-f~is(o-aminophenoxy)ethane N,N,Nf,Nrtetraacetic acid (BAPTA) (Miller et al., 1992) .
To understand better the function of Ca2+ in pollen tube growth, we examined both the intracellular free Ca2+ distribution and the extracellular Ca2+ flux in growing and nongrowing tubes. By using a newly developed ion imaging system, we demonstrated that the tip-focused Ca2+ gradient extends from greater than 3.0 pM at the apex down to basal levels of 0.2 pM within 20 pm from the pollen tube tip. The extracellular Ca2+ influx, which was measured with a Ca2+-selective vibrating probe (Kühtreiber and Jaffe, 1990; Smith et al., 1994 ; L.F. Jaffe and S. Levy, unpublished data) , varied between 1.4 and 14 pmol cm-2 sec-'. We have further probed both the gradient and the extracellular influx using two growth-inhibiting treatments: microinjection of buffers from the BAFTA family (Tsien, 1980; Pethig et al., 1989; Adler et al., 1991) and treatment with hypertonic medium. We found that the inhibition of growth correlates directly with the dissipation of both the tip-focused Ca2+ gradient and the extracellular Ca* influx. In addition to blocking growth, the dissipation of the gradient resulted in a loss of cytoplasmic zonation at the tip of the tube and in modulation of the local cytoplasmic streaming pattern. These results reveal that the tip-focused Ca2+ gradient and extracellular tipdirected Ca2+ flux are coupled and that both are fundamental aspects of pollen tube growth.
RESULTS

Effects of lnjected BAPTA Buffers on the Pollen Tube Growth
Figures 1A and 1B illustrate the growth in a control group of uninjected and 100 mM KCI-injected lily pollen tubes. It is evident that pollen tube growth was not inhibited by injection with KCI ( Figure 16 ) and that the KCI-injected cells, like the untreated ones, tended to increase their rate of growth during the period of observation (Figures I A and 18) . By contrast, when cells were injected with 100 mM BAPTA-type buffers, considerable inhibited growth, in most instances the first effects were seen within a minute (data not shown); however, with 5,5'-dimethyl-BAPTA, complete cessation of growth sometimes required up to 15 min ( Figure 2A ). BAPTA ( Figure 28 ) and 5,Y-difluoro-BAPTA ( Figure 2C ) were also capable of inhibiting pollen tube growth, but they were less effective than the three previously mentioned buffers. The least effective was 5-methy1, 5'-nitro-BAPTA (Figure 2 5 , which weakly inhibited growth. Even though all applied BAPTA buffers were effective, the variability within a group was noteworthy. The increase in length of pollen tubes (solid lines), having an initial length between 300 and 400 pm, was measured 5, 15, 30, and 60 min after the beginning of ionophoretic injection of BAFTA buffers (100-mM buffer concentration in the pipette tip and using a I-nA ionophoretic current for 20 sec). The solid lines connect data points of single-cell measurements. The dashed lines are an extrapolation that corresponds to the average growth iate prior to injection. The dotted lines represent the average value at each time point. By plotting data for each cell as a single line, rather than only the average values, distinctions can be made among cells that immediately and irreversibly ceased growing after injection (n), cells that continued to grow for the whole duration of the experiment or that eventually stopped growing, and cells that recovered growth after inhibition. (A) The typical clear zone, which is filled with vesicles, in the very tip of a growing untreated pollen tube, displaying a reverse fountain streaming pattern.
(B) The same cell as shown in (A) immediately after ionophoretic injection (100-mM buffer concentration in the pipette tip and using a 1-nA current for 20 sec).
ized by the presence of a cone-shaped, vesicle-rich area at their tip. This area is sometimes called a "clear zone" (~20 to 30 urn long) and is illustrated in Figure 3A . Larger organelles, such as mitochondria, amyloplasts, dictyosomes, and lipid bodies, are located farther back from the tip and do not penetrate the clear zone. A reverse fountain streaming pattern, carrying organelles and vesicles to the base of the clear zone, moves apically along the sides of the pollen tube and basally down the center of the tube. Directed streaming, however, does not occur in the clear zone itself (this study ; Iwanami, 1956; Pierson et al., 1990; Lancelle and Hepler, 1992) . Injection of BAPTA buffers, in contrast to KCI, frequently caused profound changes in the cytology of lily pollen tubes, as presented in Figure 3C and Table 1 . Typically, within a few minutes following injection and concomitantly with cessation of growth, large cytoplasmic particles progressively migrated into the tip area and thus partially ( Figure 3C ) or entirely occluded the clear zone ( Table 1 ). The pattern mentioned previously was most common; however, in some instances it is curious that there were a few cells that reacted in an exactly opposite manner by accumulating Golgi vesicles in the tip (Table 1) so that the clear zone became longer. In many pollen tubes, a gradual restoration of the normally zoned organelle distribution could be seen after 30 min. It is evident from these results that growing lily pollen tubes consistently displayed a clear zone, whereas, as a rule, pollen tubes without a clear zone did not grow.
Cytoplasmic streaming was also markedly altered by the BAPTA buffers (Table 1 ). The normal reverse fountain pattern often became circulatory, with the cytoplasm flowing completely through the tip region or exhibiting agitational, random-particle saltations within the tip region. These anomalies did not always persist and could return to a reverse fountain pattern.
Another abnormality was a change in the pollen tube diameter. In situations where growth was not completely inhibited, in particular with 100 mM BAPTA or with 5,5'-dimethyl-BAPTA and 5,5'-dibromo-BAPTA administered at lower pipette concentrations, the pollen tube diameter at the tip sometimes decreased ( Table 1 ). The tip diameter could also increase, which is a phenomenon that usually correlated with the reinitiation of growth after inhibition due to BAFTA-type buffer injection (Figures 3D and 3E ; Table 1 ). Growth recovery generally took place between 30 and 60 min after injection. In some (C) After 4 min and 30 sec, the cell had stopped growing and large organelles were penetrating the very tip. The streaming pattern of these organelles was also profoundly disturbed. The pipette was retracted 5 min after injection. (D) Nine minutes after injection, the tip of the pollen tube started to swell. (E) Growth soon resumed and organelle zonation reappeared. (F) Twenty-eight minutes after injection, the tube had completely recovered directional growth and again showed a normal cytoplasmic organization, shape, and streaming pattern. The arrowheads in (A) to (E) indicate a fixed point of reference; this fixed point is out of the field in (F). Bar in (F) = 10 urn. a In 100 mM KCI, 1 mM Mg2+, pH 7.0, at 22% (Pethig et ai., 1989) .
Effect observed in at least one of the measurements done 5, 10, 30, or 60 min after injection.
Decrease of more than half the initial size of the vesicle-rich zone in the pollen tube tip. lncrease of more than half the initial sim of the vesicle-rich zone in the pollen tube tip. e More than 3-pm decrease in pollen tube diameter. More than 3-pm increase in pollen tube diameter.
instances, resumption of growth was preceded by the appearance of a clear halo at the level of the apical membrane. The new tip was formed at the very apex of the cell or slightly to the side of the initial tip. Eventually the recovered pollen tubes showed a normal morphology ( Figure 3F) . Some of the inhibited pollen tubes did not resume growth and developed a thickening at their apexes; the presence of callose was sometimes detected by staining with aniline blue (data not shown).
Effect of BAPTA Buffers on the Free CaZ+ Distribution
Normally growing control pollen tubes of lily displayed asteep, tip-focused gradient of free Ca2+, as shown in Figure 4A . At the extreme apex, the Ca2+ concentration may have exceeded 3 pM but declined sharply in magnitude to a basal level of 0.2 pM in less than 20 pm from the tip. The steepness can be appreciated with more accuracy from the line scan data shown in Figure 4E . In the cell shown in Figure 4 , the growth continued during the first minute after ionophoretic injection of 5,5'-dibromo-BAPTA, and a Ca2+ gradient was still present (Figures 4 8 and 4E ). Suddenly, within 10 sec, the tip gradient completely dissipated, and an elevated tide (Tsien and Tsien, 1990 ) of Ca2+ became visible back from the tip (Figure 4C , arrow; Figure 4E ). This moment appeared to correspond with the cessation of growth. Subsequently, the concentration of Ca2+ dropped to a basal level throughout the pollen tube and growth remained inhibited (Figures 4D and 4E) . Similar results were obtained with 5,5'-dimethyl-BAPTA (data not shown).
Estimation of the lntracellular BAPTA Buffer Concentration
One important question for understanding the effectiveness of BAPTA buffers in pollen tubes is the amount of buffer delivered by ionophoretic injection. Although many uncontrollable factors influence the delivery, we estimated these amounts for standard injections (1 nA for 20 sec at pipette concentrations of 5,60, or 100 mM) by using fura 2 free anion as afluorescent analog for BAPTA buffers. The final concentration in the pollen tubes appeared to range between 0.1 and 1 mM at ~4 min after the beginning of ionophoresis, which is the period in which a maximum concentration was reached (data not shown). Notwithstanding the great variability, this experiment also indicated (A) to (D) Pseudocolor images of the same cell taken at pivotal moments before and after injection of 5,5'-dibromo-BAPTA. In (A) , a steep, tipfocused Ca 2+ gradient was used in an untreated growing pollen tube. Sixty seconds after 5,5'-dibromo-BAPTA injection (100-mM buffer concentration in the pipette tip and using a 1-nA current for 20 sec), the gradient was still present, as shown in (B). Ten seconds later, that is, 70 sec after injection, the gradient was fully abolished and a moderately elevated domain of Ca 2+ became visible behind the tip (arrow), as shown in that on average a 100-mM concentration in the pipette tip generally caused 10-fold higher delivery than that from a 5-or 60-mM pipette tip concentration, suggesting that in addition to an ionophoretic component, there is a diffusion component involved in pipette delivery (Purves, 1981; Tucker 1990 ). It became evident from these data that an equivalent variability in the ionophoretic delivery of the BAPTA-type buffers could account for much of the variation observed in the growth inhibition (Figures 2A to 2F The net Ca2+ flux was measured using a Ca2+-selective vibrating probe placed in front of the protruding tube tip in 10 germinating cells (black bars) or at the pole opposite to the germination pore in 16 different germinating cells (stippled bars). Each column represents the average of 25 cell measurements minus 25 reference measurements. Positive values correspond to an ion influx, and negative values correspond to an efflux. density of 1 pA (Equation 6 in Methods), which was within a range of 0.28 to 2.8 pA cm+. That these fluxes at the tip were of biological origin was supported by their immediate disappearance when cells were perforated (25 to 97 pV before perforation) to less than a 5 pV signal after perforation in five cells. At ~2 0 pm from the tip of growing tubes, the Ca2+ flux was about half of the maximum value found at the extreme tip, and ata distance exceeding 50 pm, the voltage output could not be discerned from the background value ( Figure 6 ). The Ca2+ flux values around the surface of pollen grains of justgerminated cells ( Figure 5 , stippled bars; average of -2.9 pV and SD of k6.9 pV for 16 cells) or grains of cells with a long tube (average of 0.6 pV and SD of e4.4 pV for 10 cells) were also mo.
Effect of Microinjecting 4,4'-Difluoro-BAPTA o n the Ca2+ Flux
Microinjection of 4,4'-difluoro-BAPTA inhibited growth and eliminated or drastically diminished the Ca2+ influx at the pollen tube tip (Figure 7) . Thus, the conditions that dissipated the intracellular tip-focused gradient also inhibited the extracellular influx of Ca2+. However, because the injected BAPTA-type buffer, similar to its fluorescent analog fura 2, is gradually extruded from the cell and/or sequestered in vacuoles, some cells "spontaneously" recovered. When they did so, the inward Ca2+ flux was reestablished (hatched bars in Figure 7 ).
Effect of Exposing Pollen Tubes to Hypertonic Medium o n the Ca2+ Flux
Exposure of pollen tubes to a hypertonic medium containing either 17% (data not shown) or 20% (Figure 8 ) sucrose induced a loss of turgor pressure. Eventually, plasmolysis occurred, as evidenced by the retraction of the plasma membrane from the extreme tip dome. In some pollen tubes, the length of the vesicular zone in the tip decreased and organelle movement slowed. The consequent arrest of growth occurred concomitantly with the decrease of the Ca2+ influx to O (open bars in Figure 8 ). All changes induced by 200/0 sucrose medium, including a 30-pm retraction of the apical plasma membrane, could be reversed in most cells within a few minutes upon replacement of fresh medium containing 10% sucrose. During the recovery phase, the tip of the tube underwent extensive swelling with a concomitant high transient influx of Ca2+ (data not shown). Eventually, a normal appearing cylindrical tube emerged from the swollen dome, which displayed a normal influx of Ca2+ (hatched bars in Figure 8 ).
DISCUSSION
The results reveal that the tip-focused intracellular Ca2+ gradient and the extracellular Ca-flux are coupled to one another (Left) The net Ca2+ flux was measured using a Ca2+-selective vibrating electrode at the tip of growing pollen tubes prior to injection, as shown by the black bars. After ionophoretic injection of 4,4'-difluoro-BAFTA, the cytoplasmic streaming was still vigorous, but growth was inhibited in all eight cells, and the net Caz+ flux was drastically lowered to -0 (white bars). and as a consequence arrests extracellular Ca2+ flux; (2) the converse, in which growth inhibition and dissipation of the Ca2+ gradient respond mainly to a flux lowering; or (3) the simultaneous reduction of the intracellular gradient and the extracellular flux acting together to inhibit growth. Whatever the real sequence, the outcome is that a minimum level of free Ca2+ must be surpassed to maintain Ca2+ influx and growth. Finally, the recovery from inhibition presented in this and other studies (van Herpen et al., 1989; Malhó et al., 1994) follows a similar scenario wherein the pollen tube tip bulges and reorientation of the growth axis occurs. It is noteworthy that the phase of bulging of the pollen tube tip, which must engender additional strain deformation on the apical plasma membrane, is intimately linked to a large transient of Ca2+ influx. The application of improved methods has provided a detailed understanding of the location and magnitude of both the tipfocused gradient and the extracellular flux. In a previous study of the tip-focused gradient, we found that it extended from -0.5 pM at the apex down to 0.17 pM within 30 pm from the tip (Miller et al., 1992) . However, in the imaging system used, we were compelled to bin pixels 2 x 2, a process that would tend to reduce high values. Because of the greater throughput in our newly constructed imaging microscope, we are able to obtain short exposures and adequate images without resorting to pixel binning. These improvements have allowed us to detect gradients that extend to 3 pM and possibly higher (Figure 4) , with basal levels of 0.2 pM being the same as previously reported (Miller et al., 1992) . Thus, instead of a gradient that is threefold in magnitude, the values indicate that it is greater than 10-fold. There is still some uncertainty concerning the high point of the gradient because at 3 pM, fura 2 approaches saturation and thus is unable to respond accurately to higher levels (Callaham and Hepler, 1991) . However, the weak activity of 5-methyl,5'-nitro-BAFTA (Kd of 22 pM) ( Figure 2F) indicates that the maximum Ca2+ value in the gradient is lower than 22 pM; a value between 3 and 10 pM may be realistic. sec-I is close to the value predicted by Miller et al. (1992) for growing lily pollen tubes and comparable to the level reported for other tip growing cells, such as growing Arabidopsis root hairs (Schiefelbein et al., 1992) , a tobacco pollen tube (Kühtreiber and Jaffe, 1990) , and intact wheat roots (Huang et al., 1992) . Conversion of the net Ca2+ flux obtained for lily into current density provides a theoretical maximum value of -2.7 fi cm-2 and an average value of 1 fl cm-2, which is a little higher than the net inward total ionic current density measured with a two-dimensional vibrating probe by Weisenseel et al. (1975) Weisenseel et al. (1975) but agrees with the calculations made by Rathore et al. (1991) . Knowing that besides net Ca2+ influx there is also a net influx of K+ (Weisenseel and Jaffe, 1976) and H+ (-1.5 to 7 pmol cm-2 sec-I from measurements in 10 cells, which corresponds to -0.14 to 0.7 fi c m 2 ; E.S. Pierson and A.L. Shipley, unpublished data) at the tip of lily pollen tubes, one can speculate that other flux components, perhaps involving CI-efflux, must compensate for the large influx of positive charges. The observed Ca2+ influx is assumed to be composed mainly of net uptake into the cell, which agrees with the earlier findings that externally administered %a2+ accumulates inside the tip of lily pollen tubes and conforms to the fact that a continua1 supply of Ca2+ seems to be required in the tip to maintain the intracellular Ca2+ gradient (Rathore et al., 1991; Miller et al., 1992) . According to the following calculation, in an equilibrium state, the net apical Ca2+ flux can refill the Ca2+ reservoir in the growing tip within 0.1 sec:
The observed Ca2+ flux value of -5.4 pmol where t is the time in seconds utilized to fill this reservoir; V is the volume of the pollen tube tip (tube diameter 17 pm) occupied by a substantial amount of Ca2+ (here simplified to a half sphere with a radius r of 8.5 pm), so that C is the average Ca2+ concentration in this volume, which we know is .u2 pM; J is the net Ca2+ influx at the pollen tube tip, which is .u5 pmol cm-2 sec-l; A is the area over which most Ca2+ enter the pollen tube tip (here simplified to half the surface of a sphere with a radius r of 8.5 pm) so that A = 2 x r2 in pm2.
(3)
Regarding the tip-focused intracellular gradient, the differentia1 inhibitory activity of the BAPTA-type buffers strengthens the conclusions concerning its importance to growth. The results reveal, for example, that 4,4'-difluoro-BAPTA and 55'-dibromo-BAPTA are the most effective of the BAPTA-type buffers in inhibiting pollen tube growth (Figure 2 ). Given that their affinity for Ca2+ (Kd of 1.7 and 1.5 pM, respectively) is intermediate between that of 5,5'-dimethyl-BAPTA (Kd of 0.15 pM) and 5-methyl, 5'-nitro-BAPTA (Kd of 22 pM), evidence is provided that they work through facilitated diffusion rather than simply a chelation of total intracellular free Ca2+. Through the mechanism of "shuttle buffering:' it is thought that these buffers, especially those whose dissociation constants rest between the high and low points of the gradient, will bind Ca2+ where its concentration is high, diffuse rapidly to regions of lower ion concentration and release the ion, generating afree buffer that is able to diffuse again into the gradient and repeat the cycle (Speksnijder et al., 1989) . In this manner, the buffer will dissipate local Ca2+ gradients without affecting the basal level of free Ca2+ within the tube (Sullivan et al., 1993) . The exact details of BAPTA action may be somewhat in question since theoretical studies indicate that the buffer will steepen the gradient but not reduce the high point (Stern, 1992) . It is conceivable that a steepening is sufficient to retard vesicle aggregation and fusion, and thus block cell elongation, followed by the subsequent complete collapse of the gradient. However, our images show that the gradient is dissipated very rapidly (within 10 to 15 sec) and that this event occurs simultaneously with the inhibition of growth.
Although 4,4'-difluoro-and 5,5'-dibromo-BAPTA are the most effective, the data indicate that all of the high-affinity buffers tested, including BAPTA (& of 0.21 pM), 5,5'-difluoro-BAFTA (& of 0.25 pM), and especially 5,5'-dimethyl-BAPTA (& of 0.15 pM), are able to inhibit growth. It is easy to appreciate that both BAPTA and 5,5'-difluoro-BAPTA, with dissociation constants above the resting level of 0.2 pM, would be expected to dissipate the tip-focused gradient. We are somewhat puzzled by the particularly high activity of 5,5'-dimethyl-BAPTA.
Although it would be expected to bind Ca2+ throughout the tube, it would bind more efficiently in the gradient where the concentration is higher. However, we cannot explain why its apparent activity exceeds that of BAPTA; perhaps 5,5'dimethyl-BAPTA possesses greater mobility than the other high-affinity buffers.
Dissipation of the tip-focused Ca2+ gradient and the extracellular influx not only blocked tube elongation but also altered the underlying cytoplasmic structure and streaming patterns (Iwanami, 1956; Pierson et al., 1990; Lancelle and Hepler, 1992) . After buffer-induced inhibition of growth, we frequently observed that the large organelles, including amyloplasts, dictyosomes, lipid bodies, and mitochondria, moved increasingly closer to the tip of the tube, occluding the clear zone. At the same time, there was often a change in the cytoplasmic streaming pattern to one in which the streaming lanes penetrated more closely to the tip, carrying the large organelles that filled the clear zone. We suggest that these changes derive from alterations to the cytoskeletal system, induced by the modified Ca2+ gradient in the tip of the tube. Under normal conditions, it seems plausible that the elevated Ca2+ concentration in the tip fragments the actin microfilaments and inactivates myosin function (Kohno and Shimmen, 1987 , 1988a , 1988b at this location, thus preventing streaming. However, when the gradient is dissipated, actin cables extend into the apical zone and become competent to transport large organelles close to the tip. These ideas are being tested experimentally.
It seems most likely that the high levels of intracellular free Ca2+ at the tip of the pollen tube are required for the aggregation, fusion, and/or exocytysis of the vesicles with the plasma membrane . There are severa1 well-known instances in both plant and animal cells in which high levels of Ca2+ are associated with secretion (Almers, 1990; Creutz, 1992; Zorec and Tester, 1992; Battey and Blackbourn, 1993; Blackbourn and Battey, 1993) . Further support for this idea derives from the recent work of Blackbourn et al. (1992) showing that annexins, which are Ca2+ and phospholipid binding proteins involved in the secretory process in animal cells, are present in plants and, importantly, localized in the extreme apex of lily pollen tubes. When combined with results herein, it becomes evident that both high Ca2+ and annexin are localized in precisely the same cellular region, the tip, thus providing fuel for the idea that there is a functional relationship.
The Ca2+ influx itself may be regulated by stretch-activated channels, based on the ability of increased osmoticum to reduce the gradient and inhibit growth. Additional support for this idea comes from the high Ca2+ transients that we observed during rapid bulging of the pollen tube tip. Stretch-activated channels have been identified in plant cells (Tester, 1990; Cosgrove and Hedrich, 1991; Bush, 1993) and in tip-growing systems, such as the bean rust fungus Ummyces appendicularus (Zhou et al., 1991) and the oomycete Saprolegnia ferax (Garill et al., 1992 (Garill et al., , 1993 . In addition to stretch-activated channels, voltage-sensitive channels may be present in pollen tubes because nifedipine and verapamil disturb growth (Reiss and Herth, 1985; Bednarska, 1989; Tirlapur and Cresti, 1992) .
In conclusion, the results provide evidence that the intracellular tipfocused CaB gradient and the extracellular tip-directed Ca2+ influx are closely coupled, probably representing manifestations of the same process, namely the activity of Ca2+ channels at the apical plasma membrane. The intracellular gradient will in addition be regulated by specific pumps that sequester or extrude the ion from the cytoplasm, reducing its concentration to basal levels. To the extent that Ca2+ is required for vesicle fusion, the spatial localization and activity of the specific channels become pivotal in regulating growth and defining cell polarity.
METHODS
Pollen Culture
Pollen was collected from plants (Lilium longif/orum [lily] , Nicotiana alta, and Chia miniata) grown at the University of Massachusetts at Amherst. Aliquots (-10 mg) of pollen were rehydrated in a moist chamber for 1 to 2 hr and cultured under constant agitation for 60 to 90 min in 1.5-mL vials containing 0.5 mL liquid culture medium, which was composed of 0.1 mM CaCI,, 0.16 mM H3B03, 15 mM (2 N-morpholino) ethanesulfonic acid buffer adjusted to pH 5.5 with KOH, and 10% sucrose (for lily and C. miniata) or 50 mM polyethylene glycol400 (Zhang and Croes, 1982;  for N. alata). A small drop of concentrated germinating pollen was mixed with a drop of low-temperature gelling agarose (type VII; Sigma), spread evenly on a slide, and cooled quickly to 4% for 20 sec. Liquid culture medium was then added to the gelled cell preparation. Microinjection was performed on pollen tubes with a length between 300 and 450 pm for lily and C. miniata and 4 5 0 pm for N. alata. (Table  1 ) (pH 6.5 and titrated to contain 4 0 0 nM free Ca2+) into the cytosolic space or by modifying the turgor pressure of the cell by increasing the concentration of osmoticum (sucrose) in the medium. In the first experiments, we used the so-called impermeant potassium form of BAPTA buffers as a source rather than the acetoxymethyl ester form to reduce rapid diffusion into vacuoles and organelles. The micropipettes for ionophoretic microinjection were made from borosillate glass capillaries (1.0-mm outer diameter and 0.58-mm inner diameter) with an inner filament (World Precision Instruments, Sarasota, FL) using a vertical puller (model 700 D; David Kopf Instruments, Tujunga, CA) equipped with a 90% platinum and 10% iridium heater filament. The micropipettes had a resistance of -2 MO in 3 M KCI, except those used for injecting 4,4'-difluoro-BAPTA in the Ca2+ flux experiments, which had a resistance of 4 0 MO in 3 M KCI. The tip of the micropipette was backfilled to the shank with BAPTA-type buffer or KCI solution by capillarity. The remaining part of the pipette was backfilled with 10 mM KCI to provide electrical conductance. The tip of the micropipette was orthogonally inserted between 150 and 200 pm from the tip for lily by means of a Narishige MO-103R (Narishige Scientific Instruments, Tokyo, Japan) ora Sobotka (Farmingdale, NY) micromanipulator. The return electrode, an AgClcoated platinum wire, was immersed in the liquid culture medium covering the cells. Using devices made by us and by Alfred F.J. Rennoch, ionophoretic loading was achieved by applying a negative current, for example, 1 nA current for 10 to 60 sec (Table 1) . In all experiments on lily, we examined only those pollen tubes that had lost no cytoplasm at all or not more than a tiny droplet of cytoplasm and that had continued to show streaming at the moment of insertion or removal of the micropipette. lntracellular Ca2+ measurements were performed with the ionophoretic injection pipette still in the cell. Ca2+ flux measurements, however, required that the ionophoretic pipette be removed and thus began -3 min after injection.
The second way to induce growth inhibition was achieved by replacing the standard medium containing 10% sucrose (osmolality of 315 mmol kg-l; measured with a model51OOC osmometer wescor, Logan, UT]) by a similar medium containing 20% (osmolality of 642 mmol kg-I) or 17% sucrose.
As an additional control, a comparison was made between the Ca2+ flux signal at the tube tip under normal growth conditions and immediately after killing the cell by perforating it with a micropipette in a region distant from the apex.
Cytological Observatlons after lnjection of BAPTA Buffers
In the experiments with 100-mM pipette concentration of BAPTA buffer or KCI, the length, shape of the pollen tubes, and movement and distribution of their organelles were determined just prior to injection, at the start of ionophoretic loading (time O), during the first minute after ionophoresis, and after 5, 15, 30, and 60 min (Figures 1 and 2 To establish the effect of BAPTA buffers on the distribution of free intracellular Ca2+, growing lily pollen tubes with a length of ~3 0 0 pm were loaded with fura 2-dextran (20 mg mL-l in 100 mM KCI; Molecular Probes) by pressure injection, as described by Miller et al. (1992) . Fluorescence ratio-imaging microscopy (Grynkiewicz et al., 1985; Bolsover and Silver, 1991; Callaham and Hepler, 1991; Bolsover et al., 1993) was applied on a modified IM-35 Zeiss microscope (Oberkochen, Germany) equipped with a Nikon 40x 1.3 NA fluorescence objective. Excitation was stimulated by light from an HBO 100W/2 mercury arc lamp (Osram, Berlin, Germany) , operated at constant current on a purpose-built power supply. The excitation light was filtered by a 340-nm and a 360-nm interference filter (10 nm FWHM; Corion Corporation, Holliston, MA) paired to a neutra1 density filter. Exposures were typically at a ratio of 8:l (340 nm:360 nm). The fluorescence excitation cassette in the microscope contained a 380-nm dichroic reflector and 450-nm long-pass glass emission filter (Omega Optical, Brattleboro, VT). The emission was imaged by a thermoelectrically cooled (-45%) charge-coupled device camera (Photometrics Ltd., Tucson, AZ; Type AT200 with Thomson TH7883A CCD chip, 500 kHz data transfer rate) installed in an 80486DX-based PCcompatible computer. Ratio images were computed after the subtraction of background images taken immediately adjacent to the cell. The final images were displayed in 256 colors with the condition that when 360 nm (cell) minus 360 nm (background) was less than a preselected threshold value, then the ratio was set to O. Thus, the regions outside the cell appeared black in the ratio images because they do not contain fura 2-dextran. Raw images of the cells treated with either 5,5'-dibromo-BAPTA or 5,5'-dimethyl-BAPTA were collected at -10-sec intervals.
The absolute intracellular Ca2+ concentration was determined according to published methods (Grynkiewicz et ai., 1985; Miller et ai., 1992) . A calibration curve (data not shown) was established in which the ratio numbers were correlated with standardized Ca2+ concentrations obtained by imaging fura 2-dextran (40 pg mL-l), 2.5 mM Hepes, pH 7.0, 100 mM KCI, 60% (w/w) sucrose in Ca2+-free, Ca2+-bound, or equimix 2.5 mM BAPTA at the same exposure time as was used for the cell images. Ratio images were further analyzed with the image-processing system Image-1, being careful to retain the original pixel values corresponding to the ratio numbers for quantitative analysis. The colors in the wedge displayed in Figure 4 have been calibrated with the help of a line scan function. The example shown in Figure  4E is the result of pixel value line scanning at various times through the median of pollen tubes injected with S,B'-dibromo-BAPTA. These data were transferred as Ascii files to the plotting program Origin (MicroCal Software, Northampton, MA).
Calibratlon of the BAPTA Concentration in lnjected Pollen Tubes
The concentration of BAPTA buffers in the cells was estimated by using the fluorescent indicator fura 2, free anion, as an analog for BAPTA buffers, and a glass cuvette (20-pm thick, type.5002; Vitro Dynamics, Rockaway, NJ) for initial calibrations, as described by Jürgens et al. (1994) . Briefly, known concentrations of fura 2 were flushed through the cuvette under the microscope and excited with 360-nm light (isosbestic point) for 125 msec so that the emitted fluorescence, expressed as average pixel value, could be determined using the Photometrics image-processing software (Tucson, AZ) program. In this way, a calibration line (data not shown) was established that showed a linear relationship between average pixel value and the fura 2 concentration. Next, pollen tubes were loaded with fura 2 by ionophoresis under conditions similar to those applied during typical BAPTA experiments (I-nA ionophoresis current for 20 sec and using 2-Mn pipettes filled at the tip with 5, 60, or 100 mM fura 2) and using the same optical set up as for the cuvette calibrations. The intensity of fura 2 fluorescence, which was measured just after retracting the injection pipette (-4 min after injection), was established for the zone between 20 and 50 pm from the pollen tube tip.
CaZ+ Flux Measurements
Ca2+ fluxes were measured with a Ca2+-selective vibrating probe (Kühtreiber and Jaffe, 1990; Huang et al., 1992; Kochian et al., 1992; Nawata, 1992; Smithst ai., 1994 ; L.F. Jaffe and S. Levy, unpublished data). The probe was mounted on an inverted microscope (type IM-35; Zeiss) connected to a DAGE video camera (MTI, series 68 Newvicon), a time-lapse VHS video recorder (JVC BR9000M; JVC Co. of America, Elmwood Park, NJ), and a Mitsubishi (P619) video printer. The monitor displayed a superimposed image of the microscopic view of the cell, thevibrating probeoperation menu, and the acquired voltageoutput data in graphic mode. For the Ca2+ flux measurements, we used 3-to 4-pm open electrodes made from 1.5-mm outer diameter and 0.7-mm inner diameter borosillate glass without filament (World Precision Instruments, Sarasota, FL; or Sutter Instruments, Novato, CA) that had been previously silanized with N,N,-dimethyl-trimethylsilylamine (Fluka, Ronkonkoma, NY) . The back of the electrode was filled with 100 mM CaCI2 immobilized by 0.5% agar, whereas the tip was filled by suction with a column of -30 pm of a Ca2+ ionophore cocktail (ETH 1001, containing 89% 2-nitrophenyl octyl ether and 1% sodium tetraphenyl borate; Fluka). We precontrolled all electrodes before use with 0.10, 1.0, and 10 mM CaCI2 and used only those that behaved according to the Nernst equation (Smith et al., 1994) , providing a slope of -28 mV per decade change in Ca2+ concentration.
For cell-specific measurements, the ion-selective electrode was vibrated back and forth inside the soft agarose layer, with an amplitude of 9 to 10 pm and a frequency of -0.3 Hz, along the axis of the electrode, perpendicular to the cell surface, and as ciose as possible. The acquisition of data on voltage difference was performed using an automated system, which subtracts background noise and includes periods of blanking for electrcde excursion (Kühtreiber and Jaffe, 1990; Smith et al., 1994) . The Ca2+ flux profile along the length of pollen tubes (illustrated in Figure 6 ) was established by placing the vibrating electrode in front of growing tubes and continuing to record the voltage changes while the cells were growing past the electrode tip. Cell measurements were alternated with reference measurements taken by vibrating the electrode in the agarose medium at more than a 50-pm distance from any cell. Unless explicitly stipulated, measurements presented here are the result of the average value of at least 25 stable measurements taken close to the cell, minus the average value for at least 25 reference measurements. These reference values usually fluctuated around O pV. Positive values for the voltage output correspond to inward flux of Ca2+ ions toward the cell and negative to efflux. By routinely vibrating the electrode inside the agarose layer, rather than in the liquid medium, we obtained a better control of the distance between cell and electrode tip and a lower background noise, perhaps due to attenuation of turbulence around the moving probe. Calculation and compilation of averages and standard deviations were done with the help of the Origin (MicroCal Software, Northampton, MA) spreadsheet and graph program.
Converslon of Voltage Output to Net lon Flux
To estimate the absolute net Ca2+ flux, the voltage data were converted in molar flux of the ion per distance per time unit, according to Equation 4 (Smith et al., 1994) :
G , c e ) (Ar-l)(Ab (4) where J is the net Ca2+ flux in pmol cm-2 sec-l; K is a correction factor of 2 for the electrode efficiency (50% for 0.3-Hz vibration of a Ca2+-selective electrode; J. Kunkel, personal communication); Dca is the Ca2+ diffusion coefficient, which is 8 x 10-6 cm2 sec-l (Harned and Owen, 1958) ; Sca is the Nernstian slope for Ca2+, which is -28 mV per decade; C , , is the background Ca2+ concentration, here 10-' pmol cm3; Af is the vibration amplitude, which is 10-3 cm; and AV is the electrode voltage output in mV, whereby AVvalues are derived from AV = AV, , ,
in which AV,, is the voltage outputs measured close to the cell and AVrel is the reference voltage. Thus, in our set up an output value of 10 pV was theoretically equivalent to a net absolute Ca2+ flux value of ~1 . 2 2 pmol c m 2 sec-I. For the conversion of Ca2+ flux values into current density, Equation 6 was used:
where I is the current density in A c m 2 or in Coul c m 2 sec-'; J is the Ca2+ flux in picomol c m 2 sec-'; e is the elementary charge, which is 1.60 10-19 Coul; NA is Avogadro's number, which defines that 6.02 x 1023 molecules are equivalent to 1 mo1 (whereby e NA = F, with F being Faraday's constant); zca is the valency of the ion, which is 2 for Ca2+; so that a flux of 10 pmol c m 2 sec-' corresponded to a theoretical current density of 1.93 pA cm+.
(6)
